Homologous Pairing Preceding SPO11-Mediated Double-Strand Breaks in Mice  by Boateng, Kingsley A. et al.
Developmental Cell
ArticleHomologous Pairing Preceding
SPO11-Mediated Double-Strand Breaks in Mice
Kingsley A. Boateng,1 Marina A. Bellani,2 Ivan V. Gregoretti,1 Florencia Pratto,1 and R. Daniel Camerini-Otero1,*
1National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda, MD 20892, USA
2National Institute of Aging, National Institutes of Health, Baltimore, MD 21224, USA
*Correspondence: rdcamerini@mail.nih.gov
http://dx.doi.org/10.1016/j.devcel.2012.12.002SUMMARY
How homologous chromosomes (homologs) find
their partner, pair, and recombine during meiosis
constitutes the central phenomenon in eukaryotic
genetics. It is widely believed that, in most organ-
isms, SPO11-mediated DNA double-strand breaks
(DSBs) introduced during prophase I precede and
are required for efficient homolog pairing. We now
show that, in the mouse, a significant level of homo-
log pairing precedes programmed DNA cleavage.
Strikingly, this early chromosome pairing still
requires SPO11 but is not dependent on its ability
to make DSBs or homologous recombination pro-
teins. Intriguingly, SUN1, a protein required for telo-
mere attachment to the nuclear envelope and for
post-DSB synapsis, is also required for early pre-
DSB homolog pairing. Furthermore, pre-DSB pairing
at telomeres persists upon entry into prophase I and
is most likely important for initiation of synapsis. Our
findings suggest that the DSB-triggered homology
search may mainly serve to proofread and stabilize
the pre-DSB pairing of homologous chromosomes.
INTRODUCTION
Homolog pairing is the process of alignment and physical juxta-
position of whole or segments of homologous chromosomes.
Despite decades of research, how homologous chromosomes
find each other in the nucleus in order to initiate the pairing
process remains a puzzle. It is believed that, in most organisms,
repair of the double-strand breaks (DSBs) (Neale and Keeney,
2006; San Filippo et al., 2008) introduced in leptotene—the onset
of prophase I—by SPO11, an evolutionally conserved type II
topoisomerase-like protein (Keeney, 2001), initiates a genome-
wide search for homology. This search drives the homolog pair-
ing and alignment, ultimately leading to the lengthwise pairing
and synapsis (the stabilization of homolog interactions by the
polymerization of a proteinacious structure called the synapto-
nemal complex) of all homologs achieved by pachytene (Neale
and Keeney, 2006). However, DSB-independent pairing has
been reported in some organisms (Martı´nez-Pe´rez et al., 1999;
Prieto et al., 2004) and has been extensively studied and charac-
terized in flies and worms (Dernburg et al., 1998; Gerton and
Hawley, 2005; McKim et al., 1998; Phillips et al., 2009; Tsai196 Developmental Cell 24, 196–205, January 28, 2013 ª2013 ElseviandMcKee, 2011). Although not as widely accepted, the incisive
studies in budding yeast on DSB-independent pairing (Burgess
et al., 1999; Cha et al., 2000; Weiner and Kleckner, 1994) have
provided the impetus to re-examine this issue in mammals,
where neither DSB-independent nor pre-DSB pairing has been
reported (Scherthan et al., 1996). Here we report that, in mouse
spermatocytes, a significant proportion of homolog pairing is
established prior to the introduction of SPO11-mediated DSBs,
is maintained and further stabilized by meiotic recombination,
and is most likely important for initiation of synapsis.
RESULTS
Overview of Morphological Classification and Definition
of Pairing
In order to determine whether any degree of homolog pairing
was established before DSB formation, we analyzed pairing in
preleptotene, the stage preceding entry into prophase I, using
prepuberal mice (8–12 or 21 days postpartum; dpp) that are en-
riched for preleptotene spermatocytes (Figures 1A–1C). During
mouse spermatogenesis, type B spermatogonia divide to form
preleptotene primary spermatocytes, which undergo a final
round of DNA replication (meiotic S) before entering meiotic
prophase I (Bellve´ et al., 1977; Scherthan et al., 1996). In order
to mark cells preceding the stage during which DSBs are intro-
duced, we labeled replicating cells by either injecting mice intra-
peritoneally (i.p.) or culturing mouse testes cell suspensions for
30 min (the duration of meiotic replication is estimated to be
12–24 hr) with the thymidine analog 5-ethynyl-20-deoxyuridine
(EdU) (Chehrehasa et al., 2009; Salic and Mitchison, 2008)
(Figure 1B). Since there are no stage-specific cell surface
markers, we used morphological characteristics to distinguish
the different cell types in the testis (Scherthan et al., 2000;
Scherthan et al., 1996). Briefly, we differentiated EdU-positive
structurally preserved nuclei (SPN) of late preleptotene sper-
matocytes from spermatogonia based on their more spherical
nuclear shape, relatively larger size, distinct peripheral distribu-
tion of bright DAPI-stained heterochromatic DNA clusters, and
weakly stained intranuclear axial element protein SYCP3
nonlinear aggregates (Figure 1B; see Supplemental Experi-
mental Procedures, available online, for a detailed description
of the morphological characteristics used to distinguish the
different cell types).
After isolation and fixation of cells using techniques that
preserve the nuclear architecture (Scherthan et al., 2000)
(Figures 1C and 1D), we measured the extent of homolog pairing
by fluorescent in situ hybridization (FISH), using bacterialer Inc.
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imental Procedures) targeting loci on interstitial chromosomal
sites (at least 29 Mb from the chromosome ends). In fully
synapsed pachytene chromosomes, the FISH foci of two paired
homologs are not always fused (Figure 1D). If we used the criteria
of scoring only fused foci as paired homologs, the frequency
of paired homologs in pachytene cells was spuriously below
60% (Figures S1B–S1D). Hence, we determined the distance
between the foci centers of fully paired/synapsed chromosomes
in pachytene cells and established this distance as the threshold
to define whether homologs are paired at a certain locus. Thus,
two homologs were defined as paired if the distance between
their foci centers was %1 mm (Figures 1D, S1B, and S1C) in
SPN, in which the nuclear architecture is well preserved by per-
meabilizing and fixing the cells without lysing them.
Significant Homolog Pairing Detected prior
to Programmed DSBs in Mice
We began by analyzing pairing in different cell types (Figure 1B),
using a chromosome 3 interstitial probe (Chr3-INT; Figure S1A;
Supplemental Experimental Procedures). Surprisingly, we found
that homologs were paired in approximately 35% of prelepto-
tene (preprophase I) spermatocytes and returned to roughly
premeiotic levels in leptotene (p < 0.001, n = 478, where n = total
number of cells analyzed, Fisher’s exact test; Figures 2A and
S2A). As a control, we measured the heterologous association
frequency between different interstitial loci located on chromo-
somes 3 and 7 as 8% (n = 50; Figures 1D and S2A). Consistent
with the stabilization of homolog interactions via synapsis occur-
ring later during prophase I, we detected paired homologs in
85% and 95% of spermatocytes in zygotene and pachytene,
respectively (Figure 2A). We observed a similar proportion of
cells with paired homologs, regardless of the age of the mice
(21 dpp prepuberal or 2 months old; data not shown) or the chro-
mosome monitored. This early pairing in meiotic cells was even
higher (45%) in arguably the best structurally preserved
sample, frozen tissue sections (Figures 2A and 2B). These find-
ings demonstrate that a significant level of homolog pairing
occurs in preleptotene spermatocytes (before DSBs) but
declines upon entry into prophase I (in leptotene spermatocytes).
Preleptotene lasts about 42 hr in the mouse. In order to eval-
uate whether progression through preleptotene correlates with
an increase in pairing, we used fluorescence-activated cell sort-
ing (FACS) (Bastos et al., 2005) to isolate early, mid-, and late
preleptotene spermatocytes, based on their increasing DNA
content (Figures 2C, S2B, and S2C), and determined the
percentage of cells with paired homologs in these three cell pop-
ulations, as well as in spermatogonia. Consistent with previous
reports in budding yeast (Cha et al., 2000), we observed that
pairing increased significantly toward the end of the preleptotene
stage, right before entering prophase, when meiotic DSBs are
introduced.
Pre-DSB Homolog Pairing Is Independent of Meiotic
Homologous Recombination
To gain insight into the mechanisms underlining preleptotene (or
pre-DSB) pairing, we investigated several genetic factors that
could play a role. We found that neither DMC1 (Bishop et al.,
1992; Pittman et al., 1998; Shinohara et al., 1992), the meiosis-Developmspecific homolog of the recombinase RAD51 (Neale and Keeney,
2006; San Filippo et al., 2008) (data not shown; see below), nor
HOP2 (Petukhova et al., 2003; Pezza et al., 2007), anothermeiotic
recombination protein required for RAD51/DMC1-dependent
meiotic DSB repair (Figures 3A and 3B), are required for prelep-
totene pairing. Note that DSB and recombination markers
(gH2AX and RAD51) were not detected in replicating prelepto-
tene spermatocytes (Figure S3B). This indicates that meiotic
homologous recombination is most likely not required for this
process, despite it being required for the later pairing occurring
in prophase I (Neale and Keeney, 2006; San Filippo et al., 2008).
Preleptotene Pairing Requires SPO11 but Not Its
Cleavage Activity
Inmice, SPO11deficiency results in the absence of DSBs, defec-
tive recombination, and synapsis, ultimately leading to early
pachytene arrest (Baudat et al., 2000; Romanienko and Camer-
ini-Otero, 2000). To test whether SPO11 plays a role in homolog
pairing in preleptotene, we investigated the level of pairing in
Spo11/ spermatocytes and found that homolog pairing was
completely abolished both in preleptotene spermatocytes and,
as previously reported (Baudat et al., 2000; Romanienko and Ca-
merini-Otero, 2000), in prophase-arrested cells (zygotene-like;
Figures 3A and 3B). Surprisingly, Mei1/ mice (Libby et al.,
2003), which also lack DSBs in prophase I in spite of normal
SPO11 expression (data not shown), showed no reduction in
pre-prophase I pairing (data not shown; see below), suggesting
that preleptotene pairing requires SPO11 but not DSBs.
This observation prompted us to investigate whether the DSB
catalytic activity of SPO11 was actually required. Wild-type mice
express two major SPO11 isoforms (both carrying the catalytic
tyrosine), a and b, which are expressed with different timing.
Specifically, SPO11b is expressed in early spermatocytes,
whereas the SPO11a polypeptide is hardly synthesized until
past early pachynema (Bellani et al., 2010). We generated
a knockin mouse expressing a catalytic mutant of SPO11
(Spo11YY137,138FF, hereinafter referred to as Spo11FF/FF), by re-
placing the codons for the catalytic tyrosine(s) with those of
phenylalanine(s) in theSpo11 locus (FigureS3A; see alsoSupple-
mental Experimental Procedures). Immunostaining ofSpo11FF/FF
spermatocytes with antibodies against gH2AX (a marker of
DSBs), RAD51 (amarker for homologous recombination interme-
diates), and SYCP1 (a marker of synapsis) revealed that these
mice lack meiotic DSBs and, consequently, are defective in
recombination and synapsis (Figure 3C). Thus, Spo11FF/FF mice
arrest in early prophase I, just like Spo11/ mice (Figure 3C),
even though they synthesize Spo11-b transcripts and express
wild-type levels of the SPO11-b protein (the isoform expressed
in early prophase I; see Bellani et al., 2010) (Figures 3D–3F).
Most importantly, pairing was restored to wild-type levels in
preleptotene spermatocytes of Spo11FF/FF mice (Figures 3A,
3B, and S3C). Since Spo11FF/FF mice show wild-type levels of
pairing during preleptotene but only express the b isoform (Fig-
ure 3D), our results imply an early role for SPO11-b in pre-DSB
pairing. Consistent with this notion, preleptotene homolog pair-
ing was not rescued in a Spo11/ mouse complemented with
a Spo11-a transgene (F.P., K.A.B., and R.D.C.-O., unpublished
data). Taken together, these findings demonstrate that a DSB-
independent activity of SPO11 is required for preleptoteneental Cell 24, 196–205, January 28, 2013 ª2013 Elsevier Inc. 197
Figure 1. Overview of Morphological Classification of Cell Types and Criteria to Define Pairing
(A) Schematic illustration of meiosis I in male mice. Type B spermatogonia divide into preleptotene spermatocytes, which carry out one round of DNA replication
before entering prophase I. At the onset of prophase I, SPO11 introduces the DSBs that trigger homolog recombination, synapsis, and, ultimately, the formation of
crossover DNA products (chiasmata) that ensures the accurate reductional segregation of chromosomes in the first meiotic division. We used incorporation of
the thymidine analog EdU to mark preleptotene spermatocytes. n, chromosome copy number; 2n, yet-to-be-replicated mitotic (spermatogonia) or meiotic
(preleptotene) diploid cell; 4n, replicated meiotic spermatocytes or tetraploid cell.
(legend continued on next page)
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Figure 2. A Significant Level of Homolog Pairing Is Detected in Preleptotene Spermatocytes prior to Programmed DSBs
(A) Assessment of pairing during early spermatogenesis using chr1, chr3, and chr7 interstitial probes in either SPN from prepuberal (8–12 dpp) mice or frozen
tissue sections of 21 dpp mice. Statistical significance of the difference between samples was assessed by Fisher’s exact test. The p values for difference in
pairing between preleptotene spermatocytes and spermatogonia are given for each probe (yp < 0.0001, **p < 0.01, ***p < 0.001; n = 321 to 609). The error bar is an
estimation of the SD, based on the counting error (square root of n).
(B) IF-FISH on frozen testis tissue sections of 21 dpp EdU-injected mice: Frozen sections were stained with 488 azide (EdU) and also with DAZL (marker for germ
cells) and hybridized with a Chr3-INT probe. Shown is a representative image taken with 403 magnification. Images of sections taken with 1003magnification
(see inserts) were used for the analysis. The abbreviations PreLep, Zyg, and Pach refer to preleptotene, zygotene, and pachytene spermatocytes, respectively.
Scale bar, 10 mm.
(C)Fourcell populations isolatedbyFACS (seeFiguresS2BandS2C), enrichedeither inspermatogonia (sptogonia)plusseminalgermcells (SGC)or inearly,mid-,and
latepreleptotenespermatocytes,wereanalyzedbyChr1-INTFISH.Statistical significanceof thedifferencebetweensampleswasassessedbyFisher’sexact testand
the p values indicated. The error bar is an estimation of the SD, based on the counting error. For each data point, 234 to 450 total number of cells were analyzed.
See also Figure S2.
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budding yeast (Cha et al., 2000).
Pre-DSB Homolog Pairing Requires the Telomere
Tethering Protein SUN1
Since chromosome movements in early prophase I promote
post-DSB prophase pairing and synapsis (Koszul and Kleckner,
2009; Scherthan et al., 2007), we asked if SUN1, a nuclear
membrane protein required to tether the ends of chromosomes
to the nuclear envelope (NE) that has been implicated in both
chromosomemovements and bouquet formation occurring later
in prophase I (at the leptotene-zygotene transition) (Ding et al.,
2007; Hiraoka and Dernburg, 2009), could also be promoting
pre-DSB pairing. Lack of SUN1 leads to asynapsis during
meiotic prophase and, consequently, disrupts gametogenesis
in mice (Chi et al., 2009; Ding et al., 2007). We noted that
SUN1 showed a significantly high expression during early mouse
spermatogenesis (Figures S4A and S4B) and also localized to
the NE in preleptotene spermatocytes similar to the telomere
repeat binding factor (TRF1) protein (Figures S4C–S4G) (Scher-(B) Schematic illustration of the experimental setup, mouse spermatogenesis
preleptotene, leptotene and zygotene spermatocytes is shown. Nuclei are stain
a germ-cell-specific marker (DAZL), and DAPI.
(C) Illustrative image of a preleptotene spermatocyte analyzed by combined IF-FIS
nuclei in a structurally preserved preleptotene (PreLep) spermatocyte.
(D) The frequency of nonhomologous pairing between mouse chr3 and chr7 d
spermatocytes are shown. Arrows indicate Chr3-INT probes, and arrowheads in
Scale bar, 10 mm. See also Figure S1.
Developmthan et al., 2000), suggesting that it might have an early role prior
to prophase I. We found that not only is SUN1 required to anchor
chromosomal ends to the NE in prophase (Ding et al., 2007), but
it is also required to do somuch earlier in preleptotene spermato-
cytes (Figures 4A–4D). Nevertheless, we could not detect
bouquet formation (Figure 4E) (Ding et al., 2007) in either
Sun1/ or wild-type preleptotene spermatocytes, arguing
against the possibility of a general clustering of telomeres to
one side of the nuclear periphery (bouquet) in preleptotene.
Most importantly, we found that homolog pairing is abolished
in Sun1/ preleptotene spermatocytes (Figures 3A and 3B).
Altogether, our data indicate that preleptotene pairing requires
SUN1 and its associated telomere anchoring function but not
bouquet formation per se.
Pre-DSB Subtelomeric Pairing Is Preserved throughout
Prophase I, Is Further Stabilized by Recombination, and
Most Likely Facilitates Initiation of Synapsis
Since the homology search performed by the homologous
recombination machinery during leptotene/zygotene is thoughtand the criteria used for cell classification. IF staining of spermatogonia,
ed with a 488-azide (EdU), a synaptonemal complex protein marker (SYCP3),
H showing aChr3-INT probe with 488-azide (EdU)-, SYCP3-, and DAPI-stained
etermined by co-FISH is 8% (n = 50). PreLep (top) and pachytene (bottom)
dicate Chr7-INT probes.
ental Cell 24, 196–205, January 28, 2013 ª2013 Elsevier Inc. 199
Figure 3. A DSB-Independent Activity of
SPO11 and the Telomere Tethering Protein
SUN1 Are Both Required for Preleptotene
Pairing, but the Meiotic Homologous
Recombination Machinery Is Dispensable
(A and B) Preleptotene pairing is disrupted in
Spo11/ and Sun1/ but unaffected in
Spo11FF/FF or Hop2/ mice, as determined with
a Chr1-INT probe (A) and a Chr3-INT probe (B).
WT, wild type. ***p < 0.001 (n = 282 to 551, where
n = total number of cells analyzed), applies to the
difference in pairing between WT or Spo11FF/FF
and Spo11/ or Sun1/ mice. Statistical signifi-
cance of difference between samples was as-
sessed by Fisher’s exact test. The error bar is an
estimation of the SD, based on the counting error.
(C) Spo11FF/FF spermatocytes are defective in
DSB formation, meiotic recombination, and
synapsis. IF analysis of surface-spread prepara-
tions shows that leptotene spermatocytes of both
Spo11FF/FF and Spo11/ are devoid of gH2AX
staining (a marker for DSBs) and RAD51 foci (a
marker for homologous recombination intermedi-
ates). Zygotene-like spermatocytes only show
minimal colocalization of SYCP3 and SYCP1
staining (indicative of defective synapsis). Scale
bar, 10 mm.
(D) Spo11FF/FF mice, like other mutants arrested in
prophase I, express primarily the SPO11-b poly-
peptide. Total testis extracts from WT, Spo11/,
Dmc1/, Hop2/, and Spo11FF/FF mice (5 mg of
total protein) were precipitated/blotted with anti-
SPO11 antibody.
(E) The mutated Spo11::YY137,138FF allele is
transcribed. In order to verify expression of the
mutated allele, total Spo11 transcripts were
quantified by reverse transcription-quantitative
PCR (RT-qPCR) of total RNA from adult mice
testes, (see Supplemental Experimental Proce-
dures). As previously reported, Spo11 heterozy-
gous knockout (+/) testes carry half the amount
of transcripts when compared to WT mice
(because only one allele is being transcribed)
(Bellani et al., 2010). Given that homozygous
Spo11FF/FF mice are arrested in prophase, their
total Spo11 transcript levels are very low (because
the majority of Spo11 transcripts correspond to
Spo11-a, which is expressed after midprophase)
(Bellani et al., 2010). Nevertheless, heterozygous
knockin mice (+/FF) showed comparable levels of
total transcripts to WT mice, indicating that both
the WT and mutant (FF) alleles are being tran-
scribed. Error bars, SD.
(F) Homozygous Spo11FF/FF mice synthesize
primarily Spo11-b transcripts. Total testis RNA from Spo11FF/FFmice and from several mutants arrested in either prophase I (Hop2/, Dmc1/) or metaphase I
(Mlh1/) were analyzed by RT-qPCR, using Taqman assays targeting isoform-specific exon junctions in order to quantify Spo11-a and Spo11-b transcripts.
Bars represent the ratios of Spo11-a or -b transcripts in homozygous mutants relative to a WT littermate. Thus, Spo11FF/FF mice synthesize primarily Spo11-b
transcripts at levels comparable to those of other prophase-I-arrested mutant mice. In contrast, a mutant mouse arrested in metaphase I expresses both iso-
forms. Error bars, SD.
See also Figure S3.
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ppo et al., 2008), we were puzzled by the decline in pairing
observed in leptotene spermatocytes when using interstitial
probes (Figures 2A, 3A, and 3B). Given our data demonstrating
that the telomere tethering protein SUN1 is involved in prelepto-
tene pairing, we wondered whether such a decline would be200 Developmental Cell 24, 196–205, January 28, 2013 ª2013 Elseviobserved with probes targeting the ends of chromosomes. Strik-
ingly, using chromosome 1 subtelomeric (Chr1-TEL) and sub-
centromeric (Chr1-CEN) probes (and, hence, close to the other
telomere since mouse chromosomes are telocentric) (Figures
5A–5C; Figure S1A; and Table S2A), we found that the proportion
of cells exhibiting telomeric pairing of homologs in preleptoteneer Inc.
Figure 4. SUN1 Is Required for Telomere Attachment to the NE in Preleptotene Spermatocytes
(A) Telomere relocalization to the NE in late preleptotene spermatocytes requires SUN1: IF with antibodies against telomere repeat binding factor 2 (TRF2), and
axial/lateral element protein SYCP3, counterstained with DAPI and 488 azide (EdU, for cell classification) in wild-type (WT) and Sun1/mice at indicated stages,
showing that telomeres (TRF2) relocalize to the nuclear periphery in late preleptotene spermatocytes of WT mice but not in Sun1/ mice.
(B) Control showing that TRF2 binding to the telomeres is not impaired in Sun1/ mice.
(C) IF with CREST antiserum labeling centromeres and antibodies against the axial/lateral element protein SYCP3 and germ cell marker DAZL in Sun1/mice at
indicated stages, showing the distribution of CREST foci localization in both the nuclear periphery and nuclear lumen at all stages in Sun1/ mice.
(D) In contrast to (C), the distribution of CREST foci is restricted to nuclear peripheral localization in preleptotene in WT mice.
(E) WT zygotene spermatocyte with the centromeres clustered into a bouquet. 2.4% of 1,008 total WT leptotene/zygotene prophase spermatocytes displayed
a bouquet configuration, consistent with previous reports (see (Liebe et al., 2006) and references therein). In contrast, bouquets are not observed either inSun1/
mice in (C) or in preleptotene of WT mice in (D) of over 500 nuclei analyzed at each stage per mouse.
Scale bar, 10 mm. See also Figure S4.
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preleptotene homologous subtelomeric pairing of 35%–50%
(n = 457 to 495; Figure 5C) is significantly higher than the exper-
imentally determined nonhomologous subtelomeric pairing of
14% (n = 77, p < 0.0001). Therefore, while a degree of random
peripheral telomere/centromere clustering may occur at prelep-
totene (Scherthan et al., 2000) (Figures 4A, S4C, and S4D),
we conclude that a highly significant proportion of the subtelo-
meric interactions we observe are homologous and that this
terminal association does not decline upon progression into
leptotene. In agreement with this notion, immunofluorescence
(IF) staining using a CREST serum (which labels centromeres)
revealed that, on average, 60% of the chromosomes were asso-
ciated (pairwise but not necessarily fused) at their centromeric
ends in preleptotene spermatocytes (well above the 23% asso-Developmciation observed for spermatogonia) and that this centromere
association is maintained upon progression into leptotene
(data not shown).
Further analysis of subtelomeric homolog pairing in prelepto-
tene spermatocytes corroborated the finding that neither
DMC1 (Bishop et al., 1992; Neale and Keeney, 2006; Pittman
et al., 1998) nor HOP2/MND1 (Petukhova et al., 2003; Pezza
et al., 2007) homologous recombination proteins (Figure 5D;
Table S1B) are required for pre-DSB pairing. In addition, pairing
at chromosome ends in preleptotene also required SPO11 but
not its DSB catalytic activity (Figure 5D; Table S1B; data not
shown). Importantly, mutants deficient for either introducing
DSBs (Spo11FF/FF andMei1/) or processing them via homolo-
gous recombination (Dmc1/ and Mnd1/) (Figure 5D; data
not shown) fail to preserve pre-DSB pairing achieved inental Cell 24, 196–205, January 28, 2013 ª2013 Elsevier Inc. 201
Figure 5. Pre-DSB Pairing at Telomeres
Persists upon Entry into Prophase I and Is
Most Likely Important for Initiation of
Synapsis at Chromosomal Ends
(A) Chr1 ideogram showing the locus position of
the interstitial (Chr1-INT), subtelomeric (Chr1-
TEL), and subcentromeric (Chr1-CEN) probes (see
Supplemental Experimental Procedures).
(B) Sample IF-FISH images showing the terminal
position of the Chr1-TEL loci in a pachytene
surface spread preparation (left panel), and Chr1-
TEL foci in preleptotene (top two cells, EdU+,
green) and zygotene/pachytene (bottom cell,
EdU) cells in an SPN preparation (right panel).
Scale bar, 10 mm.
(C) Terminal pairing achieved in preleptotene
spermatocytes is preserved upon entry into
leptotene, whereas interstitial pairing is lost.
Terminal versus interstitial homolog pairing was
assessed on either SPN or frozen tissue sections
(FS) of wild-type mice, probed with interstitial
(Chr1-INT), subtelomeric (Chr1-TEL), or sub-
centromeric (Chr1-CEN) probes. Notice that the
preleptotene homologous telomeric pairing was
35%–50% (n = 457 to 495; Table S1A), depending
on the probe used, and is significantly higher than
the experimentally determined average nonho-
mologous telomeric pairing between chr1 and
chr3 of 14% in SPN, (n = 77, p < 0.0001) (see
Supplemental Experimental Procedures). Note
that the experimentally determined average
nonhomologous telomeric pairing between chr1
and chr3 in frozen sections was 12% (Figure S5).
The error bar is an estimation of the SD, based on
the counting error.
(D) Maintaining terminal pairing upon entry into
leptotene requires DSB formation and meiotic
recombination. Frozen tissue sections of wild-type
(WT),Dmc1/,Mnd1/, Spo11/,Mei1/, and
Spo11FF/FF mice were probed with Chr1-TEL
probe. Notice that telomeric pairing is also signif-
icantly disrupted during preleptotene in Spo11/
but not in DSB-impaired (DSB) or HR-impaired
(HR) mutants (Table S1B). The error bar is an
estimation of the SD, based on the counting error.
(E) Synapsis initiates from the terminal ends of
chromosomes in mice. Sample images of chro-
mosome spreads fromWT spermatocytes stained
with antibodies against the central element protein
SYCP1, the axial/lateral element protein SYCP3,
and the telomeric protein TRF1 or centromere
marker, CREST, are shown, indicating that, in
early zygotene spermatocytes, TRF1/CREST signals lie adjacent to or associate with (but do not necessarily colocalize with) the ends of most short SYCP1
stretches. Arrows indicate terminal synapsis, and arrowheads indicate interstitial synapsis. Scale bar, 10 mm.
(F) Quantification of (E), the proportion of synapsed homologs per nuclei in early zygotene (10%–30% synapsis) and in midzygotene (40%–60% synapsis)
spermatocytes, as assessed by SYCP1/SYCP3 colocalization, either adjacent to (terminal synapsis) or apart from (interstitial synapsis) TRF1/CREST foci. For
each classification, about 100 nuclei were analyzed. Note that the early to midzygotene (10%–60% synapsis) classification is a pool of the aforementioned two
classifications. To determine the resolution of this analysis, we first estimated the threshold length of SYCP1 short stretches from 126measurements to be 2.8 mm
(median). Similarly, we determined themean overall length of all chromosomes to be 13.4 mmand computed the resolution or estimated fraction of chromosomes
carrying SYCP1 short stretches to be about 20% (2.8 mm/13.4 mm). The error bar is an estimation of the SD, based on the counting error.
See also Figure S5 and Table S1.
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gous recombination stabilizes interactions at telomeric/centro-
meric (Figure 5D) sites upon entry into prophase I. Taken alto-
gether, these results suggest that preleptotene pairing at the
ends of chromosomes is preserved upon entry into leptotene.202 Developmental Cell 24, 196–205, January 28, 2013 ª2013 ElseviThese observations are consistent with the notion that
prophase I pairing (which drives homolog synapsis) initiates
mostly at chromosome ends in human spermatocytes (Barlow
and Hulte´n, 1996; Brown et al., 2005) and are verified here in
mouse spermatocytes (Figures 5E and 5F; data not shown).er Inc.
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Pre-DSB Meiotic Homologous Pairing in MiceSince in mice, in a given cell, initiation of synapsis is asynchro-
nous, we assessed whether initiation of synapsis is biased
toward chromosome ends by identifying spermatocytes display-
ing 10%–30% (early zygotene) or 40%–60% (midzygotene)
partial synapsis as judged by SYCP1/SYCP3 colocalization
and measured the proportion of short SYCP1 stretches lying
adjacent (not necessary colocalized) to a TRF1 or CREST focus
(Figures 5E and 5F). The resolution of these short SYCP1
stretches is estimated to be about 20% of the length of each
chromosome. Hence, the probability of randomly finding
a CREST or TRF1 focus at the end of a SYCP1 stretch is 20%
(one end) or 40% (two ends), respectively. Therefore, the
60% or 70% frequency of finding short SYCP1 stretches
with an associated CREST or TRF1 focus, respectively, is highly
significant. In conclusion, our finding that, in early to midzygo-
tene spermatocytes, TRF1/CREST signals lie adjacent to or
associate with the ends of most short SYCP1 stretches strongly
suggests that, in mouse spermatocytes, synapsis initiates
mostly at chromosome ends.
DISCUSSION
Our results unambiguously establish that a significant level of
pairing occurs in preleptotene spermatocytes entering meiosis
and suggest that the 35%–50% pre-DSB pairing of homologs
at chromosomal ends facilitates pairing and subsequent
synapsis of homologs upon entry into prophase I. Although we
find a significant degree of homolog pairing (35%) at interstitial
sites in preleptotene spermatocytes, these interactions are
unstable and declines upon entry into prophase. We cannot
rule out the possibility that such interstitial pairing is only
a consequence of the homologous telomeric pairing at this stage
and might not be essential for prophase interstitial pairing/
synapsis.
We find that while SPO11 is involved in preleptotene pairing,
its DSB catalytic activity is dispensable (Figures 3A, 3B, and
5D; data not shown). Furthermore, based on our results that
SPO11 mediates telomere pairing and reports that SPO11 local-
izes to telomeres (Zalzman et al., 2010), we posit that SPO11
plays a structural, noncatalytic role perhaps directly or indirectly
interacting with SUN1. Given that SUN1 is essential for homolog
pairing—and the tethering of chromosomes to the NE—in pre-
leptotene spermatocytes (Figures 3A, 3B, 4, and S4C–S4F;
data not shown), we interpret this as evidence that relocalizing
chromosome termini to the NE plays a role in pre-DSB prelepto-
tene pairing. We propose a mechanism by which tethering of
chromosomes ends to the NE via SUN1 (Chi et al., 2009; Ding
et al., 2007) (Figures 4, S4C, and S4D) facilitates finding the right
partner by confining the search to sequences adjacent to the
chromosome ends localized in a volume near the nuclear
periphery.
We also find that, while DSB-independent pairing at interstitial
(nontelomeric) sites is unstable upon entry into prophase, telo-
meric pairing is maintained as long as spermatocytes are profi-
cient for DSB formation and recombination (Figures 5C and
5D). Given the evidence that synapsis often initiates from at least
one end of the chromosomes in mammals (Barlow and Hulte´n,
1996; Brown et al., 2005) (Figures 5E and 5F; data not shown),
one could invoke a temporal distinction between terminal andDevelopminterstitial sites with respect to DSB formation or initiation of
repair. Subtelomeric sites would be repaired earlier, and thus
pairing at these terminal sites would be stabilized by recombina-
tion per se or through the incipient synapsis triggered as a conse-
quence. On the other hand, interstitial associations that have not
yet been stabilized by recombination/synapsis would be more
prone to disruption, either by the onset of the extensive chro-
matin condensation that occurs during leptotene (Zickler and
Kleckner, 1999) or by vigorous chromosome movements akin
to those observed in yeast (Koszul and Kleckner, 2009; Scher-
than et al., 2007) and rats (Parvinen and So¨derstro¨m, 1976).
The fact that these movements were shown to be DSB indepen-
dent in yeast (Conrad et al., 2008) suggests that they might be
responsible as well for the disruption of pairing observed at telo-
meric sites in the homologous recombination (HR) and DSB
mutants (Figure 5D). Thus, only as the breaks are repaired by
recombination would these preleptotene interactions be stabi-
lized or restored.
As for the mechanism by which the initial homology can be
sensed to effect pre-DSB pairing, we can imagine at least two,
not mutually exclusive, possibilities. These associations may
be promoted by intact DNA-DNA duplexes (Danilowicz et al.,
2009; Kleckner and Weiner, 1993) or other nonduplex DNAs,
such as single-stranded DNA generated independent of DSBs,
although we cannot exclude the possibility that these DNA-
mediated events may be facilitated by proteins. An alternative
scenario is that protein-DNA and protein-protein interactions
play a key role in a mechanism similar to those described for
‘‘pairing centers’’ (Dernburg et al., 1998; Gerton and Hawley,
2005; McKim et al., 1998; Phillips et al., 2009; Tsai and McKee,
2011) in worms and flies. Regardless of the mechanism used
to initiate preprophase I pairing, the interstitial interactions are
transient and reversible, and this feature may be required as
a way to disrupt unwanted associations (Kleckner and Weiner,
1993; Koszul and Kleckner, 2009) and/or to allow for the HR
machinery to mediate the strand invasion that is the hallmark
of the more precise and intimate alignment of the chromosomal
DNA down to the nucleotide level (Figure 6).
While the detailed mechanism of DSB-independent pairing
remains to be understood, our data have robustly demonstrated
the existence of this phenomenon in mice and has provided
insights into some of the key factors involved, namely, a DSB-
independent structural role of SPO11 and the telomere
anchoring activity of SUN1. Overall, our observations can be
summarized in the following model (Figure 6). In preleptotene
spermatocytes, centromeres and telomeres associate with the
NE (Scherthan et al., 1996) (Figures 4 and S4), presumably facil-
itating homolog associations at the chromosome termini, as well
as progressive alignment of interstitial sites. Upon entry into
prophase, subtelomeric homolog associations are stabilized in
a DSB/HR-dependent manner, suggesting that the repair of
meiotic DSB on chromosomal termini stabilizes these interac-
tions. Indeed, we observed that most of the initial synapsis
occurs at chromosome ends in mouse spermatocytes. Once
homologs have initiated synapsis with the right partner at the
chromosome end(s), this would facilitate DSB repair and
synapsis at interstitial sites within a topologically constrained
territory (Mirny, 2011). Thus, DSB-dependent homology search
may mainly act as a prophase checkpoint that proofreads theental Cell 24, 196–205, January 28, 2013 ª2013 Elsevier Inc. 203
Figure 6. Preleptotene DSB-Independent
Pairing in Mice
Our data argue for a progressive increase in telo-
meric homolog pairing that serves to promote
interstitial pairing at multiple loci along the whole
chromosome, prior to DSB formation occurring at
the onset of meiotic prophase I (leptotene). Pre-
leptotene pairing is DSB independent but requires
the topoisomerase II-like protein SPO11, and
the protein anchoring telomeres to the NE, SUN1.
We propose that the tethering of telomeres to
the NE in late preleptotene (Chehrehasa et al.,
2009; Scherthan et al., 1996) (Figures 4 and S4)
facilitates the initiation of homolog pairing at
subtelomeric regions by simplifying the search
for the cognate partner. Upon entry into prophase,
DSB-independent pairing at interstitial (non-
telomeric) sites is lost, presumably to allow for the
removal of unwanted associations and entangle-
ments. However, telomeric pairing ismaintained at
least at one end, as long as the HR machinery is
functional. While interstitial interactions are lost,
we cannot rule out the possibility that the homo-
logs stay in close proximity. Also, this reversibility in interstitial pairing may permit or promote strand invasion mediated by the HR machinery. Thus, the HR may
only serve to proofread the initial pairing established prior to DSB formation and as a checkpoint to ensure that ectopic associations are disrupted. Subsequently,
‘‘validated’’ interactions would be stabilized via the polymerization of the synaptonemal complex (synapsis). Furthermore, DSB repair and synapsis, initiating at
the preserved preleptotene homologously paired telomeric sites, extends into the chromosome to restore pairing at interstitial sites, ultimately leading to
a progressive synapsis (almost zipper-like) of homologs later in prophase I.
Developmental Cell
Pre-DSB Meiotic Homologous Pairing in Miceinitial pairing to mediate the final stages of proper chromosome
synapsis.
EXPERIMENTAL PROCEDURES
Combined IF Staining and FISH
We used a combination of IF staining and FISH to assess pairing at different
stages of mouse spermatogenesis. To mark replicating cells, we either
injected mice i.p. or cultured mouse testes cell suspension with EdU
(Chehrehasa et al., 2009; Salic and Mitchison, 2008). After the cells were
isolated and fixed using techniques that preserve the nuclear architecture
(Scherthan et al., 2000) followed by IF staining and click chemistry-
based EdU detection, the extent of homolog pairing was measured by
FISH using standard protocols. Chromosome specific probes were pre-
pared to monitor interstitial and subtelomeric/subcentromeric pairing. Two
homologs were defined as paired if the distance between their focus
centers was %1.0 mm.
FACS
Weused FACS (Bastos et al., 2005) to obtain purified populations of spermato-
gonia and early, mid-, and late preleptotene spermatocytes.
Fluorescent Microscopy Imaging
All images were acquired with an upright epifluorescence microscope, the Le-
ica DM6000 B (Leica Microsystems), with OpenLab image-capturing software
(PerkinElmer), analyzed with OpenLab image analysis software or Volocity
software (PerkinElmer), and processed with Photoshop (Adobe). IF images
of spread preparations represent single optical sections, while IF-FISH/co-
FISH images of SPN/frozen sections represent projections of 0.2 mm optical
sections. All FISH measurements were performed on maximum projections
or two-dimensional projections of three-dimensional image stacks covering
the entire nucleus and, when paired, the two foci were verified to be in the
same Z plane (Takizawa et al., 2008).
Statistical Analysis
Statistical significance of the difference between pairs of samples was
assessed by Fisher’s exact test for count data. The error bar is an
estimation of the SD, based on the counting error (Taylor, 1997; a measure204 Developmental Cell 24, 196–205, January 28, 2013 ª2013 Elseviof the uncertainties in the estimation of the extent of pairing), and is calcu-
lated as the square root of the number of cells with paired signals or
homologs.
Mouse Strains and Constructs
Full details of mouse strains and constructs are described in the Supplemental
Experimental Procedures. The National Institutes of Health (NIH) Institutional
Animal Care and Use Committee approved all animal protocols.
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures, one table, and Supplemental
Experimental Procedures and can be found with this article online at http://
dx.doi.org/10.1016/j.devcel.2012.12.002.
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